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SUMMARY: 
A general correlation function is firstly reviewed in line 
with Kubo's formulation (Chap. 1, (a)), and dielectric relaxa- 
tion processes together with some fundamental properties are 
considered with the help of the function (Chap. 1, (b)). The 
Introduction of Hoffmann's site model enables us to calculate a 
dielectric correlation function. This technique is applied to 
the dielectric relaxation of some molecules, (Chap. 1 (c)). 
Discussion with respect to the calculation of the mole- 
cular dipole moment for a molecule which contains two equivalent 
rotational groups is made (Chap. 2, (a)). The results are applied 
to two convenient models, i.e., a free rotation model and a model 
called "free oscillation" which is proposed in this thesis. The 
latter model is employed for the cases of o-haloanisole and 
o-halothioanisole, (Chap. 2, (b) and (c)). 
Experimental dielectric constant and loss data were analyzed 
by the Cole-Cole equation as well as Budo's equation (Chap. 3). 
Rotation of the methoxy group in dimethoxy compounds was 
examined by relaxation time and dipole moment. The mean relaxa- 
tion time for o-dimethoxybenzene is found to be short. (Chap. 4). 
The variation of the relaxation time of the methoxy group 
of anisole is considered theoretically (Chap. 4, (c)). 
Mesomeric and double internal rotation mechanisms concern- 
ing the anomalously short relaxation time of diphenyl ether are 
discussed. Correlation function treatments are made based on 
the former mechanism.( Chap. 5). 
Rotation around S-S bonds is concluded to be restrictive. 
(Chap. 6). Relaxation time and dipole moment values of difuryl 
mercury are explained in terms of the non-linearity of C-Hg-C 
bond. (Chap. 7). 
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CHAPTER 1 Correlation Function and Dielectric Relaxation 
(a) CORRELATION FUNCTION 
Dielectric relaxation can be treated as a problem of time- 
dependent statistical mechanics. A traditional approach to treat 
this problem is the Boltzmann's transport equation or Kinetic 
equation^, i.e.: 
= fdf\ M + V Vr + I Vv , 
9t m \9t, 
(1-1) 
coll 
where f is the distribution function, v the velocity vector, 
the position gradient, the velocity gradient, F an external 
I 9 f\ force, m the mass, and J is the so-called "collision 
™ coll 
term". The other is a rather elegant correlation function 
treatment, which was initiated by R. Kubo^, In this section we 
shall review the theory briefly on the basis of purely statis- 
tical standpoint. 
Let us consider an isolated system, the Hamiltonian of 
which is represented by H. If an external field F(t) is 
applied to the system, the perturbation energy H' is 
H'(t) = -AF(t) (1-2) 
where A is a generalized dipole moment operator. Introducing 
the Poison bracket, we can express the Liouville equation for 







where f is the distribution function in the phase space, and 
(H,f) is the Poison bracket which is in general 
(X,Y) =2rf\3q ap ap aqy (1-4) 
o 
We assume that the distribution function is given by f 
at t = that is, at the infinite past and it is in equilibrium, 
i,e., (//, f"") --= 0. Since we have confined ourselves to the li- 
near perturbation, the distribution function at time t may be 
expressed as 
f = f" + Af 
therefore 
• 9Af = (^^ ~ F(t) (A,f") (1-5) 
at 
Now we must solve the differential equation above to get 
Let us define a linear self-adjoint operator L as 
iLg =;(H,g) = H 
Here it should be remembered that exp (itL) represents the un- 
perturbed or natural motion of the system, and it induces the 
natural motion of a phase point P to P^ over the time t, i.e., 
e-itLP = 
2 
correspondingly the natural motion of any dynamical quantity 
(p,q) = Q(p) is given by 
Q(t) = Q(Pt) = e-itLQ(p^.T,) 
which is the solution of the equation of motion 
^ = (Q.H) 
dt 
(1-6) 
Using the conditions F (-«>) = 0 and Af(-<») == 0, 
we have the solution of Eq. (1-5): 
jt 
f(t) = - ei(t-t')L (A,f‘*)dt'F(t') 
J —0» 
where t' is a time parameter; -«’ _<t‘ _<t. 
Once we know Af(t), we can obtain ensemble average of an 
arbitrary quantity B(t) from 
<AB(t)> = B(t) Af(t)dr 
0-7) 
dt' drBe’(*'"^'^^(A,f°)F (f) 
dt'F (f) (A,f‘’)B(t-t')dr 0-8) 
It should be noted that B(p,q) satisfies Eq (1-6). Now we define 
a new function called "response function" (tg^Ct) as 
't'BA(t) (f°,A) B(t)dr 
^ f 
dr 








































<AB(t)> = PF(t')dt 
. — oo . 
« 
when f° is canonical, i.e.. 
(1-10) 




(f%A) = aAf‘ 
d,g^(t) = a<A(0) B(t)> = -a<A(0) B( t)> (1-11) 
Now let us define the general correlation function 
$ = < A(0) B(t)> 
BA <A(0) B(0)> 
(1-12) 
therefore $ <A(o)B(o)> = yBA 
BA 3 
Eq. (1-9) can be interpreted as follows -(A, f°) is the change 
of the distribution function produced by a pulse. The effect 
of this on the average value of B at a later time is given by 
the first equation of (1-9). Instead of talking about the 
change of distribution function, we may also think of the effect 
of the pulse on the motion of B. In the second equation of 
(1-9), (A,B(t)) represents such an effect. 
5 
(b) DIELECTRIC CORRELATION FUNCTION 
General correlation function in the previous section is 
directly related to the dielectric correlation function formally 
by replacing B and A by < fjl(t) . ^ >(the average number of the 
macroscopic dipole moments Ij along a direction of an applied 
electric field F(t), whose unit vector is denoted by ^}and the 
microscopic dipole moment respectively. At first, let us 
define the dielectric correlation function as 
t(t) = <M(°) • M(t)> 
<li(o) . M(o)> 
'\j 
(1-13) 
This corresponds to the definition of Eq. (1-12). From Eqs. 
(1-10), (1-11), (1-12), and (1-13), adding the contribution 
from the polarizability term to the total polarization 
<M(t) .e >, we have 
<\j r\j 
= NciF(t) - 
3kT 
M(o)> 
'\i i(t-t')F(t’)df (1-14) 
where the factor 1/3 in the second term on the right hand have 
been introduced taking into account the above problem three- 
dimentionally. 
The second term in Eq. (1-14) may be regarded as the 
effect of reorientation of dipoles on the total polarization. 
6 
From the definition of polarization,< M*^> has a relation; 
* 




< M*e > 
^ (1-15) 
Fo exp(io)t) 
where e is the complex dielectric constant, V the volume of 
the system, u) the frequency of the applied field, Fo the amp- 
litude of the field F(t), and i =7^-1. Neglecting the inter- 




V = Na 
N<ij{o)-M{o)> e-' 
- - 
- i o)t 
3?r 
N<u(o)-M(o)> 
= + ^ ; L(4(t)) (1-16) 
where L represents the Laplace transform, whose definition is 
■’“^dt = L(f(t)) 
Now it is assumed that the first term on the right hand in Eq(l-16) 
remains unaffected even if the frequency ui goes to infinity, there- 
fore 
£ co~ 1 
4IT 
V = Na (1-17) 
On the other hand, when u goes to zero, it is assumed that 
£o-l N <)i(o)-M(o)> 
_V = Na+ ^  (1-18) 
7 
Hence from Eqs. (1-17) and (1-18), 1t follows that 
It should be noted Eq. (1-19) is the same as Cole's result . 
Cole took account of Hamiltonian explicitly by approximating 
the assembly of dipoles as that of harmonic oscillators. 
However, the present derivation does not depend on such an 
approximation. The assumptions employed here are (i) neglect 
of internal field, (ii) all molecules have isotropic polariza- 
bility (otherwise we must consider tensor expression for 
polarizabi1ity), and (iii) a microscopic dipolar molecule is 
surrounded by macroscopic dipolar molecules, which eventually 
act as "background" for the microscopic molecule. 
We shall examine some important consequences from Eq. (1-19). 





= 1 - iu)( 
0 
= 1 - i(i3L($(t)) (1-20) 
8 




where L"^ stands for the inverse Laplace transform. 
The representations of Eqs. (1-21), and (1-22) would be 
more straight forward than that of Eq. (1-19) because the for- 
a. -rtte 
mer equations do not contain^time derivative of/»,corre1ation 
function, i.e., i (t), whereas the latter equation does. 
a 
Let us consider a simple example to obtain^correlation 
function from^Debye equation using Eq. (1-22). According to 
Debye, an expression for dielectric dispersion was given by 
e*(co) - £QO _ -j 
e - Goo 1 + i to T 
o 
where T is the dielectric relaxation time. 
Thus 
9 
From Eq. (1-22) 
This is a well-known correlation function for^Debye equation. 
It will be seen that Eq. (1-22) can be used to obtain^correla- 
tion function from an empirical equation or an equation derived 
without reference to the correlation function treatment to 
examine its physical meaning. 
Separating both sides of Eq. (1-20) into the real and imaginary 
parts, we have other representations below; 
e'(oj) - Eoo 
£ — £ oo 
0 
= 1 $(t)sino)t dt 
(1-23) 
(ol $(t)cOS(jot dt 
where £'(w) and E"(a)) are dielectric constant and loss, res- 
pectively. 
Let us now turn back to Eq. (1-19) and define 
^(t)E- i(t) 
It wilt be seen that c|)(t) corresponds to^"decay function" 
5 
defined by Fro^Tich . 
From Eq. (1-19), 
(w) - 
G — Goo 
0 -yo 
= L4(t)) = V ^(t)e"''“^dt 
Separation into the real and imaginary parts leads to 
G' (w) -I 
G —Goo 
0 1 <f)(t)cosa)t dt (1-24) 
^ = ( 4>(t)sinwt dt 
G - Goo \ ^ 
0 JO 
(1-25) 
It should be pointed out that Eqs. (1-24) and (1-25) can be 
regarded as Fourier transforms for the odd and even functions 
of (JO respectively. Therefore, G'(fx)) and G"(W) require eveness 
and oddness, resoectively, with respect to w, which is a quite 
6 
general requirement for the generalized susceptibility . In 
addition, Eqs. (1-24), and (1-25) are identical with those 
5 
derived by Frd^lich . 
From Eqs. (1-24) and (1-25), 









where ri is an integral oarameter. 
Substitutions of Eqs. (1-26) and (1-27), respectively, in 
Eqs. (1-24) and (1-25) give ilit widely known Kramers-Kronig 
equations; 
f 
E'(“) - 2 I £"(n) din 
7T •' 0 
(1-28) 
00 
^' (n) - e (1-29) 
Therefore it is seen that in order to satisfy Eqs. (1-28), 
and (1-29), e'(o)) and E"(O)) should be even and odd functions 
of 03, respectively, because^Kramers-Kronig equations require 
the conditions. 
Setting 03=o in Eq. (1-28), we have 
From this expression, (EQ - ^oo) can be calculated by measuring 
only E"(O3) with the whole frequency range. 
From the above discussion, it is seen that e’(o3) and E"(O)) 
are not independent from each other. 
£ 
0 
2 E"(n)d(logn) (1-30) 
TT 
(c) APPLICATION OF DIELECTRIC CORRELATION FUNCTION 
(i) Hindered Internal Rotation Characterized by Two Equi- 
potential Wells. 
The molecular model employed here consists of.dipole 
a a ^ 
moment of^^^rotational group and that of^^molecule jjm as shown 
7 
in Figures 1 and 2. With the help of Hoffman*s site model 
the rate equations for populations P« and Pn, of the two sites 
can be expressed in terms of^transition probability k: 
dP^ 
dt ■ ■ 
dt kPA - kP^, 
(1-30) 
These equations must satisfy the following secular determinant 
D + k - k 
- k D + k 
= 0 
where D is a differential operator, which is d/dt. The solu- 
tions of the secular equation are: 
D = 0 and -2k. 
1 3 
Y 
Figure 1-2: Dipole moment coordinates for a single rotator. 
14 
II 
Figure T-3: Potential energy curve versus rotational angle 
for a single group rotator 
1 5 
Therefore the occupational probabilities for states 1 and 2 
are given by 
Pfl = an + ai2 exp(-2kt) 
0-31) 
P^,= 321 + 322 exp(-2kt) 
where a.. is^constant obtained by the initial condition and 
a., represents the equilibrium occupational probability for 
u 
site i. Since^total probability must be 1, Py^ + is always 
1, which gives us 
^11+ ^21 = 1 
at t = «». And substitution of Eg. (1-31) in one of Eqs. (1-30) 
gi ves 
^11 = ^21 = V2 
12 ~ 922 — ^ 
Moreover it is assumed that the rotational group lies on each 
site completely at t = 0 
Therefore, 
For P/\(0) = 1 9nd Py^i(O) = 0, m=l/2 
For Py^'{0)=ll and Py^(O) = 0, m=-l/2 
1 6 
(1-32) 
As seen from Figure 1-2, introducing unit vectors along 
the X- and y- axes, i.e., ^ and respectively, the dipole 
moment of molecule as a whole )i(t) at a given time t is 
= sx(Pf^ + p^,) + uP^x(t)-uP^,^(t) 
= sy(t) + U(P^ - P^,)x(t) (1-33) 
where s = ]jm + yg*cos0 and u =]jg'sine . This is because 
V 
the dipole moment of^y axis component does not depend on the 
group rotation, whereas that of^x axis component changes its 
sign, i.e., + for state A or - for state A'. At the same time, 
the molecular re-orientation will be considered in terms of 
the motion of the coordinates. From Eq. (1-32), Eq. (1-33) 
becomes; 
p(t) = sy(t) + 2muexp(-2kt) (1-34) 
Therefore from Eqs. (1-32), and (1-34), it follows that 
j^^(t) = sy(t) + uexp(-2k)^(t) 
jj^,(t)= sy(t) - uexp(-2kt);K(t) (1-35) 
Then the scalar product of (O) andja^. (t) 





-V ^ 'V r\j 
(1-36) 
So far we have^concerned withrone body problem but we are now 
in a position to solve^equation of motion for.assembly of 
Ihe 
molecules. We shall select^correlation function treatment 
as *li\e appropriate mechanics to : answer ^ the problem. 
The correlation function $ may be given by 
$ 
J°Pi < (o)*jii (t)> 
2°Pi < jji (o)*jii (o)> 
where °P^. represents the equilibrium occupational probability 
at site i. Taking ensemble average for Eqs. (1-36), we have $(t) 
2 2 
S <y(o)*y(t)> + u exp(-2kt) < x{o)-x(t)> 
 2 2   
S + U 
(1-37) 
Now let us assume < y (o)-;^(t)>= <^<(o)*^(t)> = exp 
where xm can be regarded as the molecular relaxation time, be- 
cause the coordinate system was taken so as to move with the 
molecule. In this respect, xg = 1/2 k would be connected with 
the group relaxation time. Therefore the correlation func- 
tion becomes; 
2 2 
*(t) = exp(- y + exp -(Ji- + ^)t (1-38) 
s +u s +u ^ 
This should give us an equation for dielectric dispersion 
below; (see Eq. (1-19)) 
e*(co) - £■» ^ 
— £oo ItiojTi ltio)T2 
where 
2 2 
r_S r_U ___ 
» '"1 “ 
and 1_ _ 1_ i_ = Tg 
T2 “ xm xg ° (1-39) 
\jm/ 
Hence the observed relaxation time of group rotation for the 
present model should be less than xg. This model was also 
8 
applied to inversion of aniline molecule by Williams . If 
there is no y-component dipole, s=o, Eq. (1-39) yields a 
* 
single relaxation process, the observed relaxation time x of 
which is 
This is the case of inversion model of the type NR3. 
(ii) Hindered Internal Rotation of 1,4-Disubstituted Benzene 
9 
This problem was firstly worked out by Williams . We 
shall consider the same problem with somewhat different opprvac 
Our starting model is shown in Figures 1-3 & 1-4. The occupa- 
tional probabilities for each state i are: 
dPi/dt = -2kPi(t) + k'(P2(t) + P4(t)) 
dP2/dt = -2k'P2(t) + k(Pi(t) + PsCt)) 
(1-40) 
dPa/dt = -2kP3(t) + k'(P2(t) + P4(t)) 
dP4/dt = -2k'P4(t) + k(Pi(t) + PaCt)) 
The secular determinant 
D + 2k -k' 0 
-k D+2k' -k 
0 -k' D+2k 
-k 0 -k' 
yields D = 0, -2(k + k'), -2k, and -2k'. We can, therefore, 
write 
Pi(t) = ail 9l2^2(t)+ ai3i^3(t) 
P2(t) = a2i - 924^4(t) 
(1-41) 
p3(t) = a3i + ai2T|^2(t)- ai3V^3(t) 




state 1 State 2 
State 4 State 3 
Figure 1-4 (a): Schmatic reoresentation of molecular configurations of 
1,4-disubstituted benzene and its coordinates with 
reference to dinole moments. In all states, benzene 










































where = &si ~ x/2(l+x), a2i = 341= l/2(l+x), x = k'/k = 
temperature) V ^2(t) = exp(~2(k+k' )t), i/^sCt) = exp(-2kt), and 
^4(t) = exp(-2k't) and a^.-j (i = 1 ,2,3, and 4) represents the 
equilibrium occupational probability for site i. From Figure 3, 
it is seen that states 2 and 4 do not contribute to the mole- 
cular dipole moment. Suppose the x component of the dipole 
moment of group rotation is denoted by jjx(t) the total dipole 
moment of all states of the molecule is given by: 
)j(t) - 2)jxPi(t)-2jjxP3(t) 
= 2^jx{Pi(t)-p3(t)) (1-42) 
From Eq. (1-41) 
jj(t) = 4ai3jjx(t)i|)3(t) 
Therefore 
0-43) 
For t = 0 
(1-44) 
Hence 
8a 13V x< cosg >i^3(t) 
(1-45) ^ = 2—7 
8a 13V X 
< cosg>i|>3(t) 
where g is an angle between JJX(O) and )jx(t). Assuming the 
molecular correlation function is exp(-^) and setting the 
group relaxation time m = l/2k, we have 
$(t) = exp Sm Tg' (1-46) 
this gives us (see Eq. (1-19)) 
e*(u)) -£oo _ 1 






Thus we have seen that 1,4-disubstituted benzene should give 
us a single relaxation time, if the assumptions employed here 
are satisfactory. This model can be easily extended to NR2C6H4NR2 
since NR2 inversion or internal rotation could be characterized 
8 
by four equipotential wells . In this case, k must be equal to 
k'. In addition, the present model can be applicable to 1 ,2- 
9 
disubstituted ethane . 
24 
(iii) Two Equivalent Rotational Groups 
We shall extend treatment in (ii) to general internal 
rotation of two equivalent groups. The starting model is 
shown in Figures 1-5 & 1-6. It is assumed here that the poten- 
tial curve is essentially similar to that used in (ii). There- 
fore Eqs.(1-41) are to be used again. As beforej we employ 
unit vectors to consider re-orientations of molecular and 
group dipoles. Therefore we need a scalar quantity a for the 
unit vector ;K(t) and a scalar b for the unit vecor y(t) to 
describe motions of dipoles involved in a molecule. It is 
beyond doubt that we can always specify a and b completely, 
if^molecular structure and suitable group dipole moments of 
the molecule are known. As an example, consider m-dimethoxy- 
benzene. Denoting^angles between^y-axis and the directions 
for states 1 and 2 
0 for states 2 and 4 
The secular determinant 
D+2k k 0 -k 
-k D+2k' -k 0 
0 -k' D+2k 
-k 0 -k' D+2k 
25 
0 
Figure 1-5: Coordinates for m-dimethoxybenzene as an examole of 
two equivalent rotators. 
26 
state 2 State 1 
Figure 1-6: Configurations of two eauivalent rotators 
corresponding to Figure 1-5. 
2 8 
where dll = di^i ~ x/2(l+x), ^21 = a4i = 1/2(1+x), x = k'/k 
= exp(“potential energy difference)/((Boltzmann constant) X 
(absolute temperature)), i|j2(t) = exp(-2(k+k')t), 1^3(t) = exp 
(-2kt), and \|^4(t) = exp(-2k't) and a^.-j (i-1,2,3, and 4) rep- 
resents the equilibriurn occupational probability for site i. 
From Figure l-3,it is seen that states 2 and 4 do not con- 
tribute to the molecular dipole moment. Suppose the x com- 
ponent of the dipole moment of group rotation is denoted by 
lix(t) the total dipole moment of all states of the molecule 
is given by: 
u(t) = 2uxPi(t) - 2wxP3(t) 'X) '\j <\( 
= 2^x(Pi(t) - P3(t)) 
0-42) 
From Eq. (1-41), 




For t = 0 
2 
n(o)*u(o) = 8ai3(ux(o)-iix(o)) 
Hence 22 
8a 13 y x< cosg>i|i3(t) 
(1-44) 
—2 2 ■ 
8913W X 
= < cosg>i|)3(t) (1-45) 
where g is an angle between jjx(o) and px(t). Assuming the 
molecular correlation function is exp(- setting 
the group relaxation time xm = l/2k, we have 
$(t) = exp [-{^ + (1-46) 
This gives us (see Eq. (1-19)) 
£*(u))-goo _ 1 
e — £oo l+iti)T* 
0 
where 
T * = 
i+(^) xm' 
(1-47) 
Now the molecular dipole moment at each state is 
a^(t) + b^(t) for state 1 
by(t) for state 2 
-ax(t) + by(t) for state 3 
by(t) for state 4 a. 
Hence the total moment at a given time t, i.e., u(t) is 
jj(t) = (a^ + b;^)Pi + (b;(')P2 + (by-a^)P3 + (by)P4 
= a^(Pi-P3) + 
= 2aai3^(t)4'3(t) + by(t) (1-48) 
At t=0, it is assumed that the rotators occupies site i com- 
pletely (i=l,2,3, and 4), 
Then 
Pi(o) = 1 and P2(o) = PsCo) = P4(o) = 0 
p2(o) = 1 and Pi(o) = PsCo) = P4(o) = 0 
p3(o) - 1 and Pi(o) = P2(o) = P4C0) = 0 
,and p4(o) = 1 and Pi(o) = P2(o) = P^io) = 0 
give ai3= 1/2 
give ai3= 0 
give ai3= -1/2 
give ai3= 0 
Therefore it follows that 
iji(t) = aj<(t)i|)3(t) + b;^(t) 
W2(t) = 
U3(t) = -a;<(t)i|/3(t) + by(t) 
)i4(t) = by(t) 
where 111 (t) denotes dipole moraent at state i at t=t. 
The correlation function may be expressed as 
f°P|< (o)-u.(t)> 
Ht) =>-! ^3  
(o)*u^ (o)> 
(1-49) 
where Pj = P3 = 2(T4x) p _ 1   
Making scalar products of (o)-y^. (t) and (O)*]J^. (o) and 
using Eq.(1-49), we finally obtain 
2 2 
_ b < i(o)-i{t)> + f3(t)< j<(o)-x(t)> (T_50) 
b + 1+x 
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Therefore assuming that the molecular re-orientation decays 
exponentially, we have an equation for dielectric dispersion 
of Budo's type; 
hh. 
Cl ^2 



















, and Tm=Ti 
Hence it is shown that the molecule which has two equivalent 
rotational groups should give us two relaxation times, and 
the dispersion equation is formally same as that for the 
molecule which has just one rotational group (see (i)). When 
b=o, Eq. (1-57) becomes Eq. (1-47), which is necessary, be- 
cause the oresent treatment includes all features in (ii). 
In this sense, the present treatment would be regarded as a 
generalization of that in (ii). Furthermore it has also shown 
that Cl and C2 depend on temperature and the potential energy 
difference V through x = exp(-V/kT). 
CHAPTER 2 Evaluation of Molecular Dipole Moments for a 
Molecule which Contains Two Rotational Groups. 
(a) GENERAL ASPECTS 
Since dipole moments are considered to be vectors, 
their fundamental properties can be used for dipole moment 
analysis. 
a 
Let us considev^purely geometric problem of two vectors 
P and Q in which the latter vector G rotates around the for- 
mer one ^ with an anglejS,. 
As shown in Figure 1, we shall introduce two coordinate 
systems e.g., (x‘, y‘, z') and (x, y, z) coordinates, where 
the two vectors P and Q are assumed to be on both x'-y'-and 
OJ a. 
x-y-planes (the paper plane) at <j>=0 (this is always possible 
as far as we are concerned with the two vectors), and the 
former coordinates are taken by assuming that y' axis lies 
along P vector, x'-axis makes a right angle with the y' axis, 
and z' and z axes are perpendicular to the paper plane. Then 
dipole moments along the x', y' and z'-axes are given by 
)^x' = - QsinB cos<(> 
Jiy' = ^cosB+1 
= ^sinB sin4> 
Therefore dipole moments along the x-, y- and z-axes 
.10 
have the relation shown on the next page ; 
Y 
Figure 2-1: Coordinate systems for a single rotator Q. A and B are 
angles between P and the y-axis and between P and Q, 
respectively. 
3 4 
where A is an angle between the z-axis and P. This gives us 
^ " ^sinB cosA coS(j) 
Ky 8 cosB) cos A + ^sinB sinA cos<t) 
^ sinB sincf) (2-1) 
As an example, in the case of anisole, setting A = 0, 
P = JJQ_Q (bond moment of C-0 bond), and ^ (group moment 
of O-CH3 group), we have 
ftx ° ■ JiOCHa sifB cos^ 
fty " ^ftco '*■ iiOCHa 
= JlOCHs 
Then the square of total dipole moment of anisole is 
2222 
ft = ftx fty ftz 
2 2 
= ft CO ■*■ 2ftcoftOCH3 ft OCHa 
Therefore it is seen that the total dipole moment of anisole 
does not depend on the rotational angle <}). 
Next let us consider two equivalent rotational groups, 
using Eq. (2-1). The coordinates to be used here are shown 
in Figure 2. 
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^ X 
Coordinates for two equivalent rotational groups 
3 6 
Figure 2-2: 
Assuming that ^ vectors of rotators 1 and 2 make an angle 
A with the y-axis, we have the following moments along the 
X-, y- and z-axes for the rotator 1. 
ftxj " ^cosB) sinA - g sinB cosA coS(})i 
%i ^ ^ gcosB) cosA + jj sinB sinA coscl)i 
= § sinB sin<|.i (2-2) 
where <^i is rotational angle for the rotator 1. Similarly 
setting A = -A in Eq. (2-1), we have 
^dx " +^cosB) sinA - ^ sinB cosA coscl)2 
^ + §cosB) cosA - g SinB sinA coS(j)2 
where ^2 rotational angle for the rotator 2. Therefore 
the overall moments along the x-, y- and z^axes are 
ftx " tixi Jix, " (cos<tii + C0S(|.i) 
Hy = + )iy2 
= 2(P + QcosB) cosA + ^sinBsinA (coscfi - cosc(i2) 
>iz = >izi )iz2 " (2- 
Dependencies of these moments on and (^2 are collected 
in Table 1. 
Table 2-1: Dependencies of the component moments 
and along the x, y, and z axes, in Figure 2,respectively. 
where = -gsinBcosA , 2(P + ^cosB) cosA 
a = QsinBsinA, and a, = OsinB y 'to .' , z 'w 
(b) DIPOLE MOMENT FOR FREE ROTATION MODEL 
If the potential energy curves for the rotators 1 and 2 
do not depend on the rotational angles ^ and <^>2, i .e., the 
potential energy V is constant for 0 < <^i < 2TC and 0 < <|)2 ^ 27T, 
then the average value for (y is the total dipole moment) can 
11 
be expressed as 













equivalent rotational dipole moment of the rigid group, and C 
IS Its angle from the y-axis. 
4 0 
From Eqs. (2^3) 
y2 - p 2 +y 2 + p 2 
M 
Therefore for two equivalent rotators, < ii^> becomes 
\ < y^> = 4(P + 0GOSB)2COS^A + 2Q2sin^B (2-5) 
a 
For*molecule which contains a rigid group in addition to 
the two equivalent rotational groups,^dipole moment coordinates 
may be taken as in Figure 3. 
In this case, xsinC and xcosC are added to y ^ andy^ in 
Eq. (2-3) respectively. Hence using Eq. (2-4) we have 
< y^> = [2(P+QcosB)cosA + xcosC]^ 
+ 2Q2sin2B + x^-sin^C (2-6) 
In the case when the rotational group of 2 exhibits free 
rotation while that of 1 is fixed at an angle <j)i, then < y^> 
may have the relation 
y^d(j)2 
Jo 
< y^> =  ‘  
’2TT 
.0 ‘*‘•’2 
= + M2 + 2Q2$in2B + 2QsinB(MsinA - M cosA)cosc(>i 
X X 
(2-7) 




Figure 2-4: Coordinate system for a rotator and a rigid dinole. 
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For a molecule which has a rotational group and a rigid 
group, setting A = 0 in Eq. (2-1) and takingy^coordinate system 
as in Figure (2-4), < is given by 
< y2> = (p + QCOSB + xcosC)2 + x^sin^C + Q^sin^B 
In the case when two equivalent rotational groups have 
identical equilibrium potential minima at = 0° and 180° 
(i =1 and 2), then the total dipole moment would have the 
relation below; 
= t + t t *'''.1,1=180° t *'%1=180 lO 
4>2=0° (|>2=180‘ (j)2-G‘ 4)2=180° 
(2-8) 
where Q° or 180° stands for the square of dipole 
4>2= 0° or 180° 
moment at the corresponding angles. 
From Table 2 
^ c^i*0° = (2a +M^)2 + (a^ +MJ2 
2 = {MJ + (a^,^+ +2a,,)2 
4)2=180^ 
^ 4>i=0° '"x ''“yo "y “'"y 
*'%!J80°= V " (V " ”y - 
4)2-0° 
^ o = (M^ “ 2aJ^ + (a^,^ + M^,)2 
4>2~1 80^ 
^ 4>I=180" '"X “'"xr '"yo y 
(2-9) 
Where = xsinC 
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Substitutions of Eqs. (2-9) in Eq. (2-8) give exactly 
same equation as the right hand side of Eq. (2-6), i.e., 
+ \)^+ 2(a^2 + a^2) + (2-10) 
Similarly in the case when the rotational groups have 
identical equilibrium potential minima at (|)^ =90° and 270°, the 
total dipole moment has the relation; 
1 
- 4 c|)i=90° 
(1)2=90° 
+ j (j)i=90° 
(f)2=270‘ 
.1 2 





where notations will be seen from Eq. 
From table 1 
^%i=90° ' ''^.(>1=270° ' ^®yo 
<J>2=90° (1)2=270° 
'^^4>I=90° ' '^^$1=270° ° 
.(>2=270° <{.2=90° 
(2-8). 
+ M )2 + 4a^2 
+ My)2 
(2-12) 
Substitutions of Eq. (2-12) in Eq. (2-11) lead to Eq. (2-10). 
Therefore it is seen that Eq. (2-6) which results from the 
assumption of "free rotation" can be simultaneously derived 
a 
from the above two cases so that in.discussion of dipole moment 
\ A 
such a fact should be taken into account. It is readily shown 
that this result is also applicable to the dipole moment analysis 
of a molecule which has a rotational group and a rigid group. 
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(c) DIPOLE MOMENT FOR "FREE OSCILLATION" 
In the previous section, we have introduced a horizontal 
potential energy Tine against rotational angle to obtain the 
average of dipole moment assuming "free rotation". But here 
we shall introduce a square pulse potential whose height W is 
very large in comparison with the agitation energy kT. 
In order to introduce an idea of "free oscillation" and 
to understand it, let us consider internal rotation o-^methoxy 
group of o-chloro anisole as an example. From Eq. (2-1), the 
square of dipole moment for the molecule is given by 
y2 - M2 + Q2s<i).,2B + y 2 + 2M^QsinBcoS(J) (2-13) 
X y 
where = „(,.(;^cos60°, Q = P = VcO> 
B =180°- < COC, and » P + QcosB + 
In this molecule, the steric repulsion near = 0° would 
be expected so that a square pulse potential as in Figure 1 
may be approximately taken into account for rotation of the 
methoxy group with neglect of possible mesomeric effect. 
The average square dipole moment in this case is, therefore, 
given by; 
'’2L - A    
2 ^ y^e FT 






, y2e“^ FT d(f. 
7T , A 
TT . 
W + 











e"* kT del) 
Figure 1: A square pulse potential. 
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Y 
Figure 2: Coordinate system of o-chloroanisole corresponding to 0 = 0 
Figure 3: Definition of A 
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\ 
Now 1f it IS assumed that W » kT, then 
Sir . A 
TT A 
3TT , A 
2 
7L “ A 
2 
= + Q^sin^B 
^ y 
It is clear that A=90° gives < y^> for free rotation. Hence 
it will be seen from Eq. (2-14) that the observed dipole moment 
of this molecule would be greater than the moment for free 
rotation, if the above assumptions are satisfactory. (Q <0 
and cos A > 0 for -90° < A <90°). This is satisfied for o- 
haloanisoles and o-halothioanisoles as seen from Tables I and II. 
Using observed moments and Eq. (2-14), it is possible to evaluate 
A values, which are also collected in Tables I and II. It is 
interesting to note that (90°-A) increases with the atomic radius 
of. o-substituenti which is expected from the steric repulsion. 
A 
Eq. (2-14) is also applied to similar evaluations for m-halo- 
thioanisoles 
Table I: Observed Dipole Moments Dipole Moments for 
Free Rotation J< , and A's of o-haloanisoles, X C6H5OCH3. 







(D) 2.09 2.19 2.16 
37 18 16 
4 9 
^C-0 "" ^O-GHs COG » 110° are used. 
Table II: Observed Dipole Moments Dipole Moments for 
Free Rotation \A p^>, and A'S of o-halothioanisole X C6H5SCH3. 
(Dipole moment of 1.38 (D) for thioanisole and group moment 
15 ^ 
angle of 75° for -SH3 are used ) and m-halothiophenols with 
small changes of calculation procedures. These are collected 
in Tables III and IV. It should be pointed out that for all 
these compounds, A becomes almost 90°. Therefore it can be 
said that the steric repulsions for these compounds are neg- 
ligible so that the rotational groups (-SGH3 and -S-H) may mainly 
exhibit free rotation. This may also be supported by agreement 
X between the observed moment of P-GH3S-G0H5-SGH3 (1.85 D) and 
V< p2> = 1.89 (D) for free rotation. 
Table III: Observed Dipole Moments and Dipole Moments 
for Free Rotation /< y^> of m-halothioanisoles, M - X GeH5$GH3. 
5 0 
Table IV: Observed Dipole Moments and Dipole Moments 
Dipole moment of 1.19 (D) and group moment angle of 
46° for “SH are used. 
Table V: Observed Dipole Moments and Dipole Moments for 
Free Rotation of o-halothiophenols, 0 - X CeHsSH. 
Similar calculations are made for o-halothiophenols and 
the results are listed in Table V. It will be seen from Table V 
that y < \/< y^> , which suggests that the assumptions used 
to derive Eq. (2-14) are no longer valid for o-halothiophenols. 
This may be due to intramolecular hydrogen bondih^. 
Now let us apply the above considerations to a molecule 
which has two equivalent rotational groups and one rigid sub- 
stituent. (for example 6-chloro-l,4-dimethoxybenzene (Chap. 4 
(b)). 
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It is assumed that one of the two rotational groups 
exhibits free rotation and the other (2) . . free oscilla- 
tion. From Eq. (2-3) 
y = X sinC - Q sinB cosA (coscj)i + cos4>2) 
Py 2(P + Q cosB) cosA + XcosC + Q sinB sinA (cosc|)i - coS(j)2) 
- Q sinB (sinc|)i + sin4>2) (2-15) 
In this case, < y^> corresponding to the left hand side 













^ can be calculated from Eq. (2-15), and X y A 
substitution of y^in Eq. (2-16) gives 
< y2> - + 2Q^sin^B 
±4QsinB (M^^cosA - MsinA) (2-17) 
where M = X sinC, M = 2(P + Q cosB)cosA+ M , and + for X y 
C < A and - for C> A. 
For 6-chloro-l,4-dimethoxybenzene, X = 1.6 (D), B=70°, 
P = 0.95 (D), C = 30% Q = -1.11 (D), A = 90% and y^j^^ = 2.47 (D) 
\/< y2> gives A =22°, which is in good agreement with A =18° 
of o-chloroanisole (see Table I). 
a the 
The above models are only-few applications of."free 
oscillation"^ It can be also used for other systems without 
meeting mathematical difficulties. 
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CHAPTER 3 Experimental 
(a) APFARATUS 
The dielectric constant and loss were measured at 145, 
70, 35.11, 23.98, 16.2, 9.313 (6H^) and 2 (MH^) as well as 
, . 16-25 
1 3 (CH^.) range with the apparatus available in this 
laboratory. The experimental techniques required for the 
measurements are excellently described by some of the workers 
in this laboratory. The results are collected in "Appendices". 
(b) PURIFICATION OF MATERIAL 
P-Xylene (solvent) was distilled with sodium wire, and 
kept in amber bottles with sodium wire. Liquids (solute) 
were dried by suitable drying agents and distilled under 
vacuum. 2-2'- and 3-3'-difuryl mercuries were synthetized 
by Mr. Bordan Drupay, Department of Chemistry, Lakehead 
University*. Canada. Other chemicals were obtained commer- 
cially. 
(c) DIELECTRIC PARAMETERS 
The experimentally obtained dielectric constant e' and 
loss e" were corrected with usual procedure and fitted to 
26 
Cole-Cole equation firstly. 
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1 + (COTO)2(1-“) + 2(o.To)(’-“)sin(52-) 
(lOT^ ) ^^~“^COS 
ira 
1 + +2(a.xj(l-“)sTn(^) 
(3-1) 
From these equations, T , a, and were determined. Using 
27 
this £oo, the same data were also fitted to Bud6's equation 
Cl C2 
 ^ ^— 
1 + 0)^Tl^ 1 + 03^X2^ 
0)Ti 
  — + C2 
1 + tO^Ti^ 
0)T2 
1 + (0^X2^ 
(3-2) 
where Ci + C2 “ 1. 
For a system of a~o, the above calculation procedures 
necessarily requires the following approximation; 
1 + iwx^ 1 + icoxi 1 + itOX2 
Cl + C2 = (3-3) 1 
The right and left hand sides in Eq. (3-3) are Debye's 
and Budd's equations, respectively. Eq. (3-3) leads to 
(T - ClTi - CoTo) iw + 
In order to satisfy Eq. (3-4), irrespective of frequency 
0< iD < 0°, it is necessary that the first and second terms 
in brackets should be zero simultaneously. 
Therefore, 






These two equations can be used to the above Cole- 
Cole and Budd's analyses to avoid improbable results. Setting 
" = " in the places of " in Eqs. (3-3), (3-4), (3-5) and 
(3-6), we have exact answers, e.g., = T2 and C^ = 1 or 
= T2 and 62=1, which do not tell anything useful. 
In calculatim the above dielectric parameters, the 
16-28 
usual procedures in this laboratory were used. 
Dipole moment u was evaluated with the help of the equa- 
16-25 
ti on , 
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y 
3T(e^ ~ eoo)M2 
(ei +2)2 W2di 
where M2 is the molecular weight of solute, W2 the weight 
fraction of solute, and di and ei are the density and 
dielectric constant of solvent, respectively. 
5 7 
5 8 
4-chloro-m-beri2ened1thiol at 25°C 
5 9 
CHAPTER 4 Methoxy Group Relaxation in Dlfflethbxy Cotnpouiids. 
(a) INTRODUCTION 
The methoxy group attached to benzene usually exhibits 
20 ,21 
hindered rotation . Anisole should be firstly considered 
here. One of most important features for the molecule is^two 
values for Budo's Cj exist in the literature, i.e.. Farmer 
29 30 31 
and Walker , Forest and Smyth , and Klages and Krauss 
report Cl = 0.33 or 0.15, (in p=xylene), Ci = 0.20 (in benzene) 
and Cl =0.17 (in mesitylene, benzene and carbon disulphide), 
32 
respectively, whereas Vaughan and Smyth , Vaughanj Roeder and 
3 3 35 
Provder , Garg and Smyth, Kranbuehl, K1ug and Vaughan report 
Cl - 0.80, 0.77, 0.78 (pure liquid anisole) and 0.8 (in benzene), 
respectively. The last authors measured the dielectric para- 
meters of anisol e-benzene mixtures, changing concentration, 
temperature and frequency to examine^internal field effect on 
Cl and concluded that the contribution from the effect is very 
small. As seen from Table 4-1, the T2 value for anisole is 
'20- ' 
about 7 '^8 psec at room temperature. Farmer reported that 
the relaxation times of diethyl ether and diethyl ketone are 
2.7 and 2.9 psec. respectively, in cyclohexane at 15°C. In 
addition, he also reported the T2 values of benzylchloride are 
2.6, 4.7, and 3.6 psec at 15, 25 and 50°C, respectively, in 
p-xylene. In view of the molecular shape and size, the T2 
60 
of anisole accounted for the relaxation time of methoxy group, 
therefore, appears to be too long. P-dimethoxybenzene is 
expected to have a single relaxation time (Chap. 1 (c) (ii)) 
which is mainly connected with the re-orientation of the 
methoxy group. Literature values of relaxation times for the 
compound are given in Table 4-2. It is seen that the relaxa- 
tion time of the compound is about 6 ^ 7 psec. in normal sol- 
vent ( benzene, p-xylene, cyclohexane and carbontetrachloride 
etc.) at room temperature. This value is very close to the 
T2 of anisole so that it is assigned to the relaxation time 
of^methoxy group. This conclusion is drawn from the varia- 
tion of the mean relaxation time of p-dimethoxybenzene upon 
the viscous solvents like nujol and decalin. If the relaxa- 
tion is due to the dipole orientation of the over all molecule 
by an introduction of electric field, the relaxation time would 
be dependent on viscosity of a solvent directly, while if the 
relaxation results from the orientation of intramolecular dipole, 
the relaxation time would not depend on the viscosity so strong 
as the former case. 
Klages and Knobloch report T2 = 1-7 for 1-methoxy-naphthalene 
(Ci=0.93) and T2 = 1.1 for 2-methoxynaphthalene (Ci=0.8) in 
benzene at 20°C, while Vaughan, Roeder and Provder report T2 = 2.3 
(Ci=0.87) at 2Q°C and T2 = 1.0 (Ci=0.8) at 80®C for 1-methoxy- 
naphthalene and 2-methoxynaphthalene, respectively,^ pure 
liquid (see Table 1). The literature values for the relaxation 
61 
times of o- and m-dimethoxybenzenes are collected, in Table4“3. 
It is of interest to note that the t2 value oi/o-compound is 
about 3 (psiec.) while that of^m-compound is about 2 (ps«c.)- 
The T2 values for both compounds are roughly 1/2 of that , -for 
anisole or shorter. 
37 , 
Robert! and Smyth (D. M. Robert! and C. P. Smyth, J. 
Am. Chem. Soc., 82^, 2106 (I960)) obtained two discrete Cole- 
Cole arcs for pure o-dimethoxybenzene at 25°C and assigned 
3.7 psec. and 69 psec. to the high and low frequency relaxations. 
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TABLE 4-1: Dielectric Parameters of AnisoTe 




















































13.3 9.1 0.33 
14.6 7.0 0.33 
11.4 5.9 0.33 
9.6 5.1 0.33 
9.2 4.3 0.33 
12.2 1.17 0.81 
11.5 0.800.79 
12.4 2.28 0.75 
13.5 4.09 0.62 
11.1 2.18 0.70 
10.3 1.430.76 
9.0 0.85 0.78 
10.0 2.34 0.69 
9.1 1.49 0.72 
10.2 2.34 0.57 
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TABLE 4~2: Literature Value of Relaxation of p-^Dimethoxybenzene 
















































































































TABLE 4~3: Dielectric Parameters for o- and m-dimethyoxybenzenes 






























































were measured in benzene solution. 
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Dimethoxymethane 25 3.5 
1,2-Dimethoxyethane 25 3.0 
4-4 Dimethoxybiphenyl 25 5.2 
o-Dimethoxybenzene 40 3.8 
m-Dimethoxybenzene 40 TO.1 
6-ch1oro-1,4-dimethoxy- 
benzene 40 14 
2j6-Dimethoxypridine 25 9.0 
4,4-Dimethoxythi0- 
benzophenone 25 46.6 
5,6r-0imethoxy-l -i ndanone 25 
2,5-D1methoxy-2,5-dihydro- 







0.12 6.26 1.43 0.63 1.30 
0.07 13.7 3.6 0.71 1.54 ■'' ■ ■ '' -I 
0.16 17.2 4.2 0.78 2.47 
0.05 12.7 4.8 0.67 0.94 
0 
0 
40 9.7 0 
62.1 10. 0.87 3.83 
50 2.940.90 3.30 
45 5.7* 
1.63 
10.4 2.2 0.73 1.12 
(b) RESULTS Am DISCUSSION 
The results of the present work for dimethoxy compounds 
are collected in Table 4-4. 
\ 
Dimethoxymethane has x = 3.5 (psec), a 0 and y = 0.58 (D) 
at 25°C in p-xylene while 1,2-dimethoxyethane has x^ = 3.0 (psec) 
66 ^ 
a 0 and v - 1.55 (D) at the same conditions. !h view of 
molecular volume» the latter Gompourid is expected to have a 
longer relaxation time than the former. Dimethoxymethane has 
two degrees of freedom for its internal rotation which in- 
fluences the value of the observed dipole moment as seen from 
Figure 4-1, whereas, 1,2-dimethoxyethahe has three degrees of 
freedom. In T,2-dimethoxyethane the steric effect and electro 
static repulsion make the internal rotation around -CH2 - 0^ 
/CH3 
highly improbable so that two -‘CH2- 0' groups may be fixed 
at most probable positions. Therefore vve should take into 
account the internal rotation around C-C bond. In this case, 
the dipole moment along the direction of the C-C bond should 
be cancelled out so that a single relaxation time connected 
with group rotation (-CH2OCH3) would be predominant. But for 
dimethoxymethane, such a Cancellation would not occur so that 
the contribution from the molecular re-orientation as well as 
the group rotation should be also taken into account. The 
molecular re-orientation leads to longer relaxation time than 
-CH2OGH3 group relaxation time, a 0. 0 for 1,2-dimethoxyethane 
supports the above considerations of the internal rotation, 
on the other hand, 0 for dimethoxymethane suggests that 
the internal rotation may be very hindered so that this com- 














































































































































This arises from the steric effect and electrostatic repul- 
sion. The dipole moment for free rotation is calculated for 
this molecule from Eq. (2-5) to give us 1.62 (D)^ (UQ„Q =0.95 (D), 
^OCHg - 1.11 (D)* /ICOC = 110° and ^OCO - 110^ are used) and 
1.70 (D) (form the group moment of = 1*25 (D), P = 0, 
Q =1.25 (D) and OCO = 110°). Therefore it is seen that 
the calculated dipole moment for free rotation is about three 
times of the observed one, which again suggests that the in- 
ternal rotation of dimethoxymethane may be very hindered. 
Making use of Table 2-1 and Eqs. (2-3), (j)i = 90° (270F) and 
{^2 270° (90°) give us the calculated dipole moment of 0.65 (D), 
which is in good agreement with the observed one of 0.58 (D). 
The molecular configuration corresponds to these angles is 
schematically shown in Figure 2. It is of interest to note 
that this molecular configuration has not dipole moments along 
the X and z axes but has a y component dipole which does not 
change with the rotation around C-0 bonds, (see Table 2-1 and 
Eqs. (2-3)). In other words, the molecular re-orientation would 
mainly contribute to the dielectric relaxation, which necessarily 
implies a ^0. 
With respect to calculation of the dipole moment for free 
rotation in 1,2-dimethoxyethane, = 1.25 (D), /.COC = 
110° and Z.0CC = 110° give us 1.58 (D), which is well compared 
to the observed one of 1.55 (D). In calculation, the rotation 
around C - OCH3 bond is neglected in accordance with the above 
assumption. From the observed dipole moment alone, it is 
difficult to determine whether the moment is originated from 
internal rotation or freezing of the rotation (see Chap. 2 (b)) 
There are three possibilities about this calculated value, (i) 
The free rotations of two rotational groups, (ii) equal proba- 
bilities for the cis and trans forms, and (iii) (\>i + (^2 ~ 
In view of the electrostatic repulsion of two oxygen atoms, 
the first two possibilities may be excluded. 
It is well-known that 1,2-dichloroethane has two forms 
38 
of rotational isomers, i.e., the trans and the gauche isomers 
The observed dipole moment of this molecule was 
3 8 
given by 
^ obs ~^g^^g ^ Vt 
Xg + Xt = 1 (4-1) 
where x« ^nd x+ the mole fractions of the gauche and the 
9 ^ 
trans forms, respectively, and y and y. are the corresponding 
9 ^ 
dipole moments. In addition, the energy difference AE between 
the trans and gauche isomers would be characterized by 
^ = exp (^) (4-2) 
































In this particular case, Ti^= 0 so that Ecfv (4-1) Would become 
>^"obs = (4-3) 
In a similar manner, Eq. (4-3) may be applicable to 1,2-dime- 
thoxyethane. In this case, using Xg= 2,03 (D), we have 
Pg = 0.59 and AE = 0.20 Kcal/mole. Because of AE < RT ^0.6 
Kcal/mole at room temperature, the barrier would not be sig- 
nificant. The relaxation time of diethyl ether, at 19°C in 
/ .20 cyclohexane is reported to be 2.9 (psec) . Although we need 
some corrections to compare this value to the present results, 
value of 1,2-dimethoxyethane is very close to this value. 
4-4'-Dimethoxybiphenyl is measured at 25°C in p-xylene to 
have = 5.2 (psec), a ^ 0 and p = 1.86 (D). These para- 
meters are in good agreement with those of p-dimethoxybenzene 
= 6.9 (psec), ot = 0.04 and p = 1.68 (D) at 2.5°C in cyclo- 
20' 
hexane . Therefore, since the molecular relaxation times of 
these molecules would differ appreciably, the dielectric 
relaxation of this molecule is likely to be the re-orienta- 
tion of methoxy group (see Chap. I (c) (ii)). It is interest- 
ing to note that.x value of 4-4'-dimethoxybiphenyl is slightly 
r 0 
shorter than that of p-dimethoxybenzene and the dipole moment 
of the former compound is greater than that of the latter. 
Without considering the mesomeric effect between the lone 





























































dipole moment for free rotation is calculated to become 1.46 (D) 
for both 4-4*-dimethoxybiphenyl and p-dimethoxybenzene. 
o-Dimethoxybenzene is found to have very short relaxa- 
tion time (T^ - 3.8 (psec))i a= 0.12 and y = 1.30 (D) at 
40°C in p-xylene. the dipole moment based on a free rota- 
tion model is obtained to be 1.78 (D), which is not in good 
agreement with the observed one. Apparently the steric hinder- 
ance of this molecule would reach maximum at (^i - 0 and 
<j>2 = 180° (see Figure 2-2 where rotational angles <j)i and 
(|>2 are defined). 
These angles lead to the calculated dipole moment of 
0.06 (D) and Bud6*s Cj of 1, which do not agree with the ex- 
perimental results. However, (f)i = 0° and 90° and 270° 
or (|)i = 90° and 270°, and <^2 = 180° give the calculated dipole 
moment of 1.46 (D), which is very close to the experimental 
one. But the molecular configuration corresponds to these 
angles is unlikely to exist, because of steric hinderance 
between one of the methyl group and the oxygen atom of another. 
On the other hand, the methyl groups are also possible to 
touch the nearest hydrogen atom attached to the benzene ring. 
Therefore the configurations given in Figure 4-5 may be most 
probable, i.e., (|)i = 90° (270°) and (|>2 = 270° (90°): trans 
form, and = 90° (270°) and c{)2 = 90° (270°): cis form. 
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Making use of la.,-;. = 2.31 (D) and = 0.99 (D), we have 
= 0.84 for 0-dimethoxybenzene. The same calculations were 
made for m-dimethoxybenzene (UQ^S ~ = 0.57 (D) 
and = 2.16 (D)), and p-dimethoxybenzene (^^^5 = 1.68, 
= 0 (D) and = 2.09 (D)), and = 0.54 and x^ = 0.35 
were obtained for the former and the latter compounds, res- 
pectively. At the same time, the dipole moments for free ro- 
tation were also evaluated, and 1.78 (D), 1.57 (D) and 1.46 (D) 
were obtained for 0-, m- and p-dimethoxybenzenes, respectively. 
value for free rotation is in good agreement with the observed 
one. In order to estimate the energy difference between the 
substitution of x+ = 0.84 and Xp,*c " 0.16 in Eq. (4-5) gives 
AE = 0.96 Kcal/mole for o-compound. Therefore it becomes clear 
that the rotation of the methoxy group of the compound is very 
hindered and it appears to exist mostly in the trans form. 
(4-2), i.e., 
= exp (- |y) (4-5) 
7 6 
We could see another evidence to suport the above conclusion 
from temperature dependence of the observed dipole moment 
43 
of o-dtmethoxybenzene . According to the theory treated in 
Chap 1 (c) (iii), Cj may be given by 
c, = b2 
^a2 + b2 (4-6) 
(see Eq. (1-51) 
and 
X ^ ^cis (4-7) 
Xt 
since 
AE = V 
Eqs. (4-6) and (4-7) give = 0.54 for o-compound. (the 
observed Cj = 0.63). 
This good agreement of the calculated C with the observed 
one suggests the validity of the starting model based on two 
sites of the cis and the trans configurations. The relaxa- 
tion times (TI =6.3 (psec) and T£ = 1.4 (psec) at 40°C in 
p-xylene) of o-dimethoxybenzene can be used to estimate the 
relaxation time of the methoxy groupT from the site model 
y 
1=1 -1 
This gives = 1.9 (psec) at 40°C in p-xylene. 
Robert! and Smyth attributed the short relaxation time 
of the o-compound (T2 = 3.7 (psec) and TI= 69 (psec) at 25°C 
pure liquid) to a cooperative motion of the methoxy group 
77 
rotation which becomes similar to an oscillation about an 
equilibrium, because of steric hinderancfe to rotation, each 
37 
methoxy group influences the rotation of the other . In 
view of molecular size and shape, the TJ value of the com- 
pound can be compared with that of o-xylene at 50®C in cyclo- 
hexane (TJ = 6.4 (psec), T2 =4.0 (psec), Cj = 0.8 and T = 6.1 
(psec)) . Also note that o-xylene has = 8.3 (psec), 
Ti =11.0 (psec), T2 - 4.3 (psec), and = 0.70 at 25°C in 
cyclohexane, while o-dichlorobenzene has T^= 9.4 (psec) at 
44 
25®C in cyclohexane - 
m-Dimethoxybenzene was measured at 40®C in p-xylene 
to have = 10.1 (psec), a = 0.07, TI = 13.7 (psec), T2 = 3.6 
(psec) and C2 =0.71 (for comparison with the literature values, 
see Table 4-3). Eqs. (4-6) and (4-7) give = 0.13, which 
does not agree with the observed one. However, the confor- 
mational analysis indicates that cf)! = 90° (180° and 270°) and 
(j)2 = 0° (90° and 0°) give the calculated y = 1.88 (D) and 
Cl = 0.61. The molecular configurations correspond^t^ these 
angles may be originated from repulsion of the methoxy group 
at (|)2 = 0° and (|)2 = 180°. From calculations of the dipole 
moments for this compound, there would exist two points of 
view about the internal rotation (i) free rotation, and (ii) 
four stable sites (see Chap.2 (b)(ii)) and the energies of them 
are almost identical CAE 0). It is of interest to note that 
the t2 value of this compound is close to value of 1,2- 
dimethoxyethane. Therefore the X2 value may be regarded as 
the relaxation time of the methoxy group. 
6-chloro-l,4-dimethoxybenzene was measured at 40°G in 
p-xylene to have x^ = 14 (psec), a = 0.16, xi = 17.2 (psec). 
X2 = 4.2 (psec), Cl = 0.78 and y = 2.47 (D). The dipole moment 
for free rotation is calculated to have 2.18 (D) “ 1.60D) 
is used, see ref. (12)),which is not in good agreement with 
the observed one. The calculated dipole moments for the cis 
and the trans forms (see Fig. 4-6) are 2.63 (D) and 1.60 (D), 
respectively, which give = 0-19 and = 0.81. However 
these X values are not likely, when we take into account the 
environment of the dimethoxy group at 4 position upon internal 
rotation. In other words, we may predict 
case. 
Now setting the coordinates of this compound as in Figure 
4-6 and fixing cj)i = 180°, we have the calculated dipole moments 
PQ = 3.56 (D) and y^gQ = 1.60 (D) for <^2 = 0° and 4>2 = 180°, 
respectively. And defining the mole fractions at (j>2 = 0 
and (\>2 = 180° by XQ and x-|3o» respectively, we may have the 
equation similar to Eq. (4-1); 
'^obs^ = ■^ISO’^^ISO 
This equation gives x^ = 0«65 and X-|3Q = 0.35, which is more 
probable than the previous calculation. 
Y 
Figure 4-6: Coordinates of 6-chloro-l,4-dimethoxybenzene for calculation 
of its dipole moment. 
8 0 
0 
Let Us introduce i"free oscillation model" .2 -(c)) 
(i) the methoxy group at.4 position is assumed to rotate 
^ -rtit 
freely, while the methoxy group at^l position remains at 
(j)  = 180°, and (ii) the methoxy groups at 1 and 4 positions 
are assumed to rotate freely with the regions 90 ° - A <4)1 < 
270°+A and 0 < 4>2 < 360° where 90° <A <0°. These assump-. 
tions are made taking into account the steric hindrance near 
4,1 =; 0°. 
From Eqs. (2-3), A =90° gives 
\i = XsinC 
- XcosC + Q sinB (cos4>i - cos4>2) 
y^ = QsinB (sin4>i + sin4>2) 
where X ^ C = 30° in accordance with Figure 5. 
Therefore the total dipole moment y becomes 
y2 =x^ + 2Q2sin^B - 2Q2sin^B cos (4,1 + 4,2) 
+ 2QXsinBcosC (cos4>i - 0054,2) 
For the assumption (i), the average of the square of the 
total dipole moment < y^> is given by, 
2IT 
y2 d4>2 
< y2> = 
27T 
d4>2 
2 2 2 
= X + 2Q sin B 
+ 2QXsinBcosCcos4,i (4-8) 
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It should be noted that <j)i = 90° or 270° gives the same 
calculated dipote momeht as the case of the double free rota- 
tion (see Eqs. (2-6), (2-10) and(2-l2)). = 180° gives 
V < y2> = 2.76 (D), which is the same value as <j)i = 90°, 180° 
and 270° and 4>2 = 0°, 270° and 0°, respectively, while >/< y^> 
= gives >1 = 118° or 242°. Oh the other hand, for the 
assumption (ii), 
2TT 
< y^> = 
d(f); 
7T “ A 
y^d<() 
TT + A 
2TT 
d(|); 
■^TT - A 




= X2 + 2Q2sin2B - sin B cos C cos A 
; IT + 2A 
A = 90° corresponds to the double free rotation. A = 0° gives 
^< y^> = 2.56 (D), while setting < y^> = . » we have A = 22°, 
obs 
i.e. 68° <<f>i^ 290°, (This is very close to the one obtained from 
o-chloroanisole (18°) see Ghap. 2-(c)). Such a rotation may lead 
to a f 0. Both assumptions seem to be likely, however, we cannot 
decide which one is more probable from the observed dipole moment 
alone. 
4 5 
Maier reported that of 2,6-dichloroanisole in benzene 
at 20°C is 19.9 (psec), which may be compared with of 6-chloro- 
1,4-dimethoxybenzene, (TI = 17.2 (psec)). At the same time this 
hiay be also compared with t values of b^dliodoberizene (x = 
0 0 
21 
14.6 (psec) in p*xyTene at 60°C), o-bromoiodobenzene = 
21 
12.0 (psec) in p-xylene at 60°C) and o-chloroiodobenzene 
(T^ = n.O (psec) at 60°C), because ahisole is considered to 
■ 46 
be intermediate in size between that of bromo and iodobenzene 
Mountain, measuring relaxation times of o-haloanisoles, 
concluded that relaxation processes of these compounds except 
21 
fluoroanisole were mainly due to the molecular re-orientation 
If this is the case, it would be expected that the T2value of 
6-chloro-l,4-dimethoxybenzene would become similar to that of 
anisoTe (x = 7.7 (psec), xi = 11.4 (psec), X2= 5.9 (psec) 
^29 
and Cl = 0*33 at 40°C in p-xylene) . And if it is not, the 
X2 of the former compound wourld be close to x of p-dimethoxy- 
29 
benzene (x^ = 5.7 (psec) at 40°C ih cyclohexane) . Because 
the methoxy relaxation times in the both cases are almost simi 
lar, it is difficult to attribute the observed X2 value of 6- 
chloro-1,4-dimethoxybenzene to one of the above two cases. 
The dielectric parameters of 2,6-dimethoxypyridine are 
x^= 9.03 (psec), a = 0.05, x^ = 12.7 (psec), X2 = 4.8 (psec). 
Cl = 0.67 and \i = 0.94 (D) at 25°C in p-xylene. The dipole 
moment for free rotation is calculated to become 3.12 (D), 
which suggests that the internal rotation should be hindered. 
While the conformational analysis indicates that (j>i = 0 
and <f)2 = 180° give us the calculated moment of 0.99 (D), 
(iipridine is used. Ref. (41)), which is in good 
83 
Y 
Figure 4-7: Molecular configuration of 2,6-dimethoxynyridine oronosed 
from dipole moment measurement. 
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agreement with the observed one. The cortfiguration corres- 
ponds to these angles is shown in Figure 4-7. It suggests 
that the repulsions at <^i = 180° and 4>2 “ 180° of the methyl 
groups with the hydrogen atoms at 3 and 5 positions may lead 
the two methoxy groups to the configuration in Figure 6, since 
the nitrogen atom at^l position has no hydrogen^so that there 
would be no appreciable steric effect in this configuration. 
At the same time, the configuration would be favoured by the 
mesomeric effect. Therefore it will be seen that internal 
motion of the methoxy groups in the compound is very different 
from that in m-dimethoxybenzene. 
The value may be compared with of m-xylene (TI = 
12.G (psec), T2 == 4.0 (psec) Ci = 0.67 and T = 9,3 (psec) 
at 25°C in cyclohexane) as well as of m-dichlorobenzene 
44 
(10.0 (psec) at 25°C in cyclohexane) . T of pure pyridine 
was reported to be 7.3 (psec) at 20°C . 
4-4‘-Dimethoxythiobenzophenone was measured at 25°C in 
p-xylene to have = 46.6 (psec), a = 0, =62.1 (psec), 
T2 = 10.2 (psec), CI> 0.87 and p = 3.83 (D). The mean re- 
laxation time of benzophenone is reported to have = 19.0 
(psec) at 25°C in cyclohexane solution. It is interesting to 
note that the T2 value of 4-4'-dimethoxythiobenzophenone is 




Figure 4-8: Coordinates of 4-4'dimethoxythiobenzoohenone. 
8 6 
The dipole moment for free rotation of this compound is 
found to be 2.51 (D), which is top small to account for the 
observed valuer = 2.60 (D) is used. Ref. (12)) 
while <j)i = 0° and (j>2 = 180° give the calculated dipole moment 
of 3.84 (D), which is in good agreement with the observed 
iiw3 
one. In^calculation, the mesomeric effect is totally ignored 
so that the configuration of the benzenej ring cannot be de- 
termined by the present analysis, however, the molecular 
configuration may be simplified and shown as in Figure 4-9. 
This conf iguration also gives the calculated Budd's Cj = 1, 
which might explain the observed a0 for this molecule. 
5,6-Dimethoxy-l-1ndanone was observed at 25°C in p- 
xylene to show two separate lines of e' versus toe" plot, which 
gives TI= 45 (psec) and T2 " 5.7 (psec). e«> was evaluated 
from the re1 ation; 
Here (e‘ , e") points of the second relaxation process 
were selected to give £«„ = 2.278, from which dipole moment of 
the compound was obtained to be 3.30 (D). At the same time, 
using the e«,, TI = 5T (psec), X2 = 7.0 (psec) and Cj = 0.90 
were obtained by computer analysis. 
This compound is expected to indicate internal rotation 
of methoxy group similar to o-dimethoxybenzene. The dipole 
87 










♦ • » • 
] 0 12 n o - j 1^ 
log 0) 
e" versus log w plot for 5,6-dimethoxy-l-indanone (big points 
represent the observed values while the small ones were obtained 
from Bud6*s equation assuming Ci = 0.9, =5.1 (psec), and 
T2 = 7.0 (psec)) 
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e" versus log o) plot for 4-4'-dimethoxythlobenzophenone 
(Big points represent the observed values while the small ones 
were obtained from Bud6's equation assuming TI = 62.1 (psec), 
T2 =10.2 (psec) and C2 = 0.87) 
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Figure 4-9: Simplified molecular configuration of 4-4'-dimethoxythioben 
zophenone. 
moinent for free rotation is evaluated to be 3.34 (D), which 
is very close to the observed one. 2.83 (D) is used 
in calculation, see Ref. (47)). At the same time, making 
use of the calculated dipole moments 3.65 (D) and 3.00 (D) 
of the cis and the trans configurations^ respectively, and 
= 0.16 and x^. = 0.84 of o-dimethoxybenzene, we obtain 
the calculated dipole moment of 3.11 (D), which is also 
close to the observed one within the errors involved in 
these treatments. On the other hand, using the observed moment 
of 3.30 (D) and Eq. (4-1), we have x^ = 0-56 ^nd = 0.44. 
Here it should be pointed out that this calculation is 
very sensitive to the observed dipole moment as well as the 
group moment of p^_Q. (In this molecule, = 0.65 (D) 
and = 3.30 (D), while in o-dimethoxybenzene, = 
1.32 (D) and y^^^ = 1.30 (D)). The Cj calculation from the 
site model would be possible, using 
2 2 
C ^ b + V 
+U^Q^Q) + ’f+|- a2 
Eq (4-7) and x^ = 0-56 give = 0.95, which suggests 
that the observed relaxation time may be mainly due to the 
molecular relaxation process. Therefore, the internal rotation 
of methoxy group in 5,6-dimethoxy-l-indanone is very similar 
92 
to that in o-dimethoxybenzene. Since the TI and T2 of the 
former compound are very different, the coupling of the mole^ 
cular relaxation tiine with the group relaxation time 
would be very small so that ^ ti. Therefore x^ of o- 
dimethoxybenzene, 1.85 (psec) at 40°C may be compared with 
that of 5,6-dimethoxy-l-indanone, 2.94 (psec) at 25°C. 
2,5-Dimethoxy-2,5-dihydrofuran was measured at 25°C in 
p-xylene to have x^ = 11.0 (psec) , a = 0 and p =1.63 (D), 
while 2,5“dimethoxytetrahydrofuran was also measured at 40°C 
in p-xyleifie to have x^ = 9.7 (psec), a = 0, xj = 10.4 (psec), 
X2 = 2.2 (psec). Cl = 0.73, and y = 1.12(D). 
It is noted that x^ values of the both compounds are 
very similar. The x^ value of the latter compound may be 
regarded as the methoxy group relaxation time. There are 
three possible molecular configurations in cyclopentane, i.e., 
48 
the planar, the envelope, and the half-chair forms . 
(c) VARIATION OF RELAXATION TIME OF METHOXY GROUP 
It has been pointed out that the relaxation time of 
methoxy group changes with its circumstances. Now let us con- 
sider anisole as an example to see the reason of this change. 
Let us consider the relaxation process in terms of four 
potential sites with the same method. The starting molecular 
model can be constructed by ; account of both steric 
Figure 4-10: Molecular model of anisole for internal rotation 








































and mesomeriC effects as shown in Figure 4-10. 
The occupational probability of each site has already 
worked out in Chap. 1 (c) (ii). the results are 
(t) = aji + ai2^2(T) + ^I3^2(T) 
P2 (t) = 321 ” 3I2^2(T) + 324^4(t) 
(4-9) 
P3 (t) - ^11 + ai2^2(t) ai3’i^3(‘t) 
P4 (t) = 921 “ ^12^2(T) “ 924^4(T) 
where an = X/2(1+X), a2i = 1/2(1+X), x = (k'/k) = exp(-V/k'P), 
\(J2 (t) = exp(-2(k +k‘)t), ^3(t) = exp(-2kt), and ip4(t) = 
exp(-2k't). 
When each site is assumed to be occupied completely, the 
dipole moment (i= 1,2,3 and 4) at the site is given by 
= UyS^(O) + VjjX(O) 
^42(0) =vyt(0) + WxZ(O) (4.10) 
Ji3(0) "" 
)j4(o) = Vyji;(o) - 
where = (dipole moment of -OCH3 group) x sin0,yy = (dipole 
moment of -OCH3 group) x cose + (dipole moment of 0-C), and x(0), 
^(0), and ;^(0) are the unit vectors along the x,y, and z axes, 
respectively. 
The total dipole moment ji(t) at an arbitray time can be 
expr^essed in terms of occupational probabilities as follows: 
;ij(t) = Tp.(t)jj.(0) 
i 
From Eqs. (4-9) and (4-10), this is given by jj(t) = 
yy(2ai3)ii>3(t)x(t) + ]3y{2a24>^4(T)z(t) 
X ^ ^ ^ ;{4-ll) 
At the same time. 
Pi - 1 and P2 = P3 - P4 =0 give ai3 
P2 = 1 and P^ - 1P3 = P4 = 0 give 
P3 = 1 and Pi = P2 = P4 = 0 give ais 
P4 = 1 and Pi = P2 = P3 - 0 give 813 
Therefore jj(t) at each site becomes: 
Jil(t) = + V^t3(t)^(t) 
= Vy^(t) + 
Ji4(t) = - u/4(t);[(t) (4-13) 
It is obvious that substitutions of t - 0 in Eqs. (4-13) give 
Eqs. (4-10). 
= and 824 = 0 
i 
= 0 and 824 = 2 
= - -^ and 824 = 0 ,and 
= 0 and 824 ~ ^ Y 
(4-12) 
9 7 
The correlation function r(t) may be written 
r(t) = 
1=4 
Z ?P. ^ 




where represents the equ1librium occupational probability, 
i.e., in this case, °Pi = °Ps = a^i and °p2 = °P4 = Q2i- 
It follows from Eqs. (4-9), (4-10), and (4-14) that. 
r{t) = ^ ilx<ft(0)-x(t)> 
^ X ^ y - X ^ y 
1 
TTir fe(t) <;^{0)-^(t)> X ^y 
(4-15) 
Now it is assumed that the molecular correlation function 
expl- —) 
m 
= (0)-;j;(t) > 
Then Eq. (4-15) should give the 
trie relaxation; 
e*M - £«> _ 
e - Eoo 1 + iwT 
0 
following equation for dielec- 
A2 A3 




where + (2k), L = I_ + (2k') 
^3 ^in 
Ar = 
^ 2 + 2 
A = X , and 
+ p^ 1 + X ^ X ^ y 
y' X 1 
TJ^ + p^ 1 + X 
y 
If the dielectric data are analised by Bud6's equation, viz, 
(w) - SQO 
C " Coo 
0 
where x = x^, = A;^ and C2 _ 





1 + iu)T 2 T + X 1 + io)X3 1 + X 1 + io)X4 
(4-18) 
This equation is formally similar to Eq. (4-17) so that app- 
roximately (see Chap. 3 - (c)) 
_ X ^ 1 
■^2 "1 + X 1 + X 
Therefore, 
This corresponds to 




— = X + 1 (4-21) 
T4 
Eq. (4-20) corresponds to the case when all the potential 
sites are identical to each other, whereas Eq. (4-21) corres- 
ponds to the case when the observed relaxation time T£ from 
Budb's equation is greater than the group relaxation time. 
In the particular case of X = 1, the observed relaxation 
time becomes twice of the group relaxation time. 
This may explain the variation of relaxation time of 
methoxy group. According to the present considerations, the 
dielectric data should be analysed in terms of three relaxa- 
tion times and weight factors so that the approximations in 
Eqs. (4-19) and (4-21) can be avoided. However, Budd's equa- 
tion is usually used , because of the experimental limitations 
and calculation procedures. 
The potential energy at sites 11 and IV may depend on 
the steric repulsion (o-substituent), while the energy at 
sites I and III may be independent of it, becasue the energy 
TOO 
Is mainly based on the Tnesomeric effect. If the steric re- 
pulsion between methoxy group and o-substituent is great in 
comparison to the mesomertc effect, i.e., (k'/k - ^ the 
T2/T4 may explain the above conclusion that the steric effect 
shortens methoxy relaxation time. On the other hand, if the 
potential energy of the mesomeric effect and the steric re- 
pulsion is almost identical to each other ( V^O), then X ^1, 
which leads to the result that the observed T2 should be twice 
the group relaxation time. This might be the case of 
anisole. In other words, anisole may be characterized by 
almost identical energy of the steric repulsion and the meso- 
meric effect. 
Therefore we have seen that the observed T2 for methoxy 
group depends on the relative importance of the steric re- 
pulsion to the mesomeric effect. This conslusion may be 
applicable not only to methoxy group relaxation but also to 
other rotational groups which have the possibility of meso- 
meric effect. 
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CHAPTER 5 Dreiectri c Re1 axatfoh of Other Ether Cortipdiinds 
(a) ANOMALOUSLY SHORT RELAXATION TIME OF DIPHENYL ETHER 
Fisher found that relaxation times of diphenyl ether and 
benzophenone in benzene solution at 23°C were 2.8 and 20.4 
(psec) respectively^^. If the relaxation times are considered 
to be mainly due to Stokes' type friction of dipolar molecule 
as proposed by Debye, the former relaxation time would be 
anomalously short compared to the latter one by taking account 
of Debye's relation, i.e., relaxation time is proportional to 
the molecular volume in the same solvent and at the same tempera- 
ture. 
The existing data regarding to diphenyl ether and other 
related compounds are listed in Table 5-1. 
There are two main interpretations about this phenomenon 
(i) mesomeric effect due to overlap of -rr electrons of oxygen 
atom with those of benzene rings, proposed by Higasi and 
Smyth^^ 5 and (ii) double internal rotation mechanism suggested 
by Fong^^. 
Let us review these mechanisms briefly. 
102 
Table 5-1: Literature values in connection with "anonialousTy 
short relaxation time of diphenyl ether". 
(1) SYMMETRIC MOLECULES 
COMPOUND SOLVENT TEMP.(°C) to(psec) a ii(D) REF, 
Diphenyl 
Ether 
Di naphthyl ether 
Dinaphthyl sulfide 
Diphenyl methane 





















































































































































































Table 5-1 GOntinued; 
COMPOUND SOLVENT TEMP.C^C) To(psec) a u(D) REF. 
    V    N ■ •   • 
4-4'-dibromodiphenyl sulfide Benzene 

















































(2) ASYMMETRIC MOLECULES 
COMPOUND SOLVENT TEMP.I°Cl T^(psec) ^ y(D) REF 
2-nitrophenyl phenyl ether 
4-bromophenyl phenyl ether 
m-nitrodiphenyl ether 
2-hydroxydiphenyl ether 
2-methyl diphenyl ether 
4-Biphenylyl phenyl ether 
Benzyle phenyl ether 
m-Dibenzoyl benzene 
4-Benzoyl pyridine 
o-Pyridyl phenyl ether 















































































































Table 5-1 Continued: 
COMPOUND SOLVENT TEMP, PC) TnCpsec) OiM ML 






































(3) OTHER MOLECULES 



























(i) Mesomer-io Moment Meohanism^^. 
There are four possible molecular configurations for 
5 0 
diphenyl ether as shown in Figure 5-1 . Configuration A re- 
presents that two benzene rings are coplanar, whereas Configura- 
tion B shows that two benzene rings are perpendicular to the 
plane of the paper. Configurations C and D show that one of 
the benzene rings lies on the same plane of the paper, while 
another ring is perpendicualr to the plane. Obviously Configura- 









































the hydrogens ih other positions, while the repulsion of 
Configuration B is expected to be very weak. However, we 
should also take into account delocalization energy arts 
fhe ' 
fronyoverlap of ir electrons of the central oxygen atom with 
the benzene rings. This energy is appeared to increase with 
the order: A> C=D>B. Electron diffraction measurements 
favour Configurations C and D. Now focusing our attention 
on the mesomeric effect of Configurations C and D, we see 
that the mesomeric nioment changes its direction by internal 
rotation as shown in Figure 2* 
Therefore, the change of the moment depends only on in- 
ternal rotation, which would mainly contribute to the dielec- 
tric relaxation. This necessarily means shortening of the 
observed relaxation time in comparision with the molecular 
relaxation time. In the case of benzophenone, however, such 
an internal rotation is highly hindered by the strong over- 
lap of 7T orbitals of benzene rings with sp^ orbitals of the 
central carbon atom so that only the molecular re-orientation 
would influence on the relaxation processes. This is the 
difference between the mechanism of dielectric relaxation of 
diphenyl ether and that of benzophenone. 
('I'l) DovbZe Intevndl Rotatzon^^ . 
In this model, the effect of mesomeric moment is entirely 
excluded, instead, the internal rotation around the C-0 bonds 























































































Figure 5-4: Potential energy curve corresponding to 5-3. 
1 10 
internal rotation takes place with minimal potential energy, 
i.e., ({>1= 180°-C90® + where (l)i and ^2 the rotational 
angles of two phenyl rings, the simultaneous variations of 
and <^2 should occur. 
In addition, the successive rotations of two phenyl rings 
lead to overall molecular rotation and approximate^same volume 
swept out by the rotations as that of benzene. Such a coupled 
rotation would, therefore, explain the anomalous relaxation 
time of diphenyl ether^ 
Recently structural problems of diphenyl ether ahd the 
62 66 
related compounds have been investigated by N.H.R. and 
59,^61 
dipole moments 
(b) CORRELATION FUNCTION TREATMENT OF DIELECTRIC. RELAXATION 
OF DIPHENYL ETHER, 
We shall consider two equivalent potential wells for in- 
ternal rotation of dipheny ether in accordance with the meso- 
meric moment mechanism. 
The potential energy curve corresponding to Figure 5-3 
is shown in Figure 5-4. 
The occupational probability P^. at each site (i = 1,2) 
is given by 
Pi(t) + m^(t) 
P (t) = j - mi|j(t) (5-1) 
112 
where = exp (-'2kt) and ni is a constant determined from 
the initial conditions. If each site is assumed to be occupied 
completely, the dipole moment at the site would be; 
)ii(0) = -hiy^ijCO) 
)i2(0) = -vi^§(0) + Uyji;(0) (5-2) 
where = - y^sincj) , = y^ - yj^cos<j) , and x(t) and^(t) stand 
for the unit vectors along the x and y axes, respectively. 
The total dipole moment of the system at an arbitrary 
time is, therefore, given by: 
,i(t) = )ii(0)Pi(t) + ja2(0)P2(t) 
= Pj^{2m)i|)(t)^(t) + Uy^(t) (5-3) 
m can be obtained by the assumptions in Eq. (5-2). 
Pi(0) = 1 and Pi = 0 give m = i 
P2(0) = 1 and Pi(0) - 0 give m = -i 
Hence Eqs. (5-4) and (5-3) lead to 
jii(t) = Uj^i(>(t)^(t) + Uy^(t) 
)i2(t) = - Uj^i)'(t);<(t) +Vy)^(t) 
(5-4) 
(5-5) 
The correlation function ^(t) for this system may be given by 
f Pi < y . (o).^,yt) > 




where °Pi is the equilibrium occupational probability 
(in the present case, ®Pi ~ °?2 = ^). 
Making the scaler-products in Eq.(5-6)from Eqs.(5-2) 
and (5-5) we finally find: 
^(t) > + 
a 
X 
This should give the following equation for dielectric re- 
laxation 
g* (o)) - £oo 




1 + iwT T + iwTo 
m ■ 
where 
^^x + ^^y 
C2 2 2 
VI x + Vi y 
(5-7) 
(5-8) 
< )^(0) • lit) 
(T is the molecular relaxation time) m 
and L = L + (2k) 
•^2 ' 










C£ can be rewlr'ltten as 
C 1 (5-10) 
1 + 
2 
— - 1)^COt^6 
If second term on the right 
hand would be dominant so that Eq. (5-9) may govern the relaxa- 
tion process, which is essentially the same as Fong's conclu- 
sion. 
Therefore we have seen that Fong's result can be derived 
with the help of Higasi's point of view. 
(C) DISCUSSION AND RESULTS 
The anomously short relaxation time can be explained by the 
present treatment as follows: 
Substitutions of =0.95 ~ and 0= 60° in Eq. (5-10) 
lead to C2 = 0.759 (This is only a tentative estimate, which 
just states that if = 0.95 (D), then C2 0.7) and 
20 
from Eq. (5-9) = 19 (psec) (relaxation time of benzo- 
101 
phenone) and x^ = 7.3 (psec)(pure pyridine at 20°C) give 
^obs = 5.3 (psec), which can be compared with the experimental 
results (see Table 5^1). 
115 
According to Eq. (5-10), If VQQ has the same direction 
as the mesomeric moment v , and KJ, 1 (D), C2 becomes 
m '   ""CO 
almost unity for 1(D). (Note that for (p - X CgHs)^’ 
in Eq. (5-10) can be readily obtained by [(dipole moment 
of C-0) - (dipole moment of C-X)]. Therefore molecules which 
12 
contain X = F , Cl, Br, and I are expected to have C^ ^1, 
and apparently short relaxation time, because they have 
of 1 (D) 2 (D), and the same directions of as y^. 
Molecules of X = CH2F , CF3 , CH2CI, CHCI2, CH2Br, OCH3, 
SCH3, OH, CH2OH, SH, COOH, COOCH3, and NCCH3)2, may also 
satisfy the above conditions, although they are so called 
"flexible". 
For bis-(p-nitrophenyl) ether, the present model fails 
to explain the short relaxation time of X2= 12.5 (psec) with- 
out assumption ot y^^ ^ 3 (D). But at the same time it should 
be also pointed out that bis-(p-nitrophenyl )methane has - 
22.8 (psec), which may be explained not by Fong's model but 
by the present treatment. 
The short relaxation time of diphenyl methane may be 
explained in terms of the hyperconjugation of the central -CH2- 
50 
group with the two phenyl rings . 
In the case of benzophenone, Eq. (5-10) can be written as 
C^ = 
1 
y„sin 60° ' 
116 
W / , DO 
Insertions of = I (D) where < C-C-G is taken as 
and = 2.83 in the abovd equation give C2 - 0.12, which 
indicates that contribution from the molecular relaxation to 
the mean relaxation time is very large in this molecule* ^ 
il 
model requires freezing of internal rotation around the C-C-C bond 
to account for the observed relaxation time of benzophenone in 
connection with that of flurorenone (obviously internal rotation 
0 
around the jl ^ bond in this molecule is not probable). 
However as seen from the above estimates, the present model 
implies that the relaxation time of benzophenone should be 
similar to that of fluroenone even if the internal rotation 
in the former compound is possible. Non-planar configuration 
of the two aromatic rings in benzophenone is recently suggested 
from N.M.R. measurements by Montaudo, Flnocchiaro and Maravigua. 
67^69 
This configuration is also favoured by several workers 
We cannot strictly apply the present model to the asym- 
metrical molecules. However it is of interest to note that 
o-methylphenyl phenyl ether (u=1.03 D) and biphenyl phenyl 
ether (y=l.07 D) have relaxation times of 6.6 (psec) and 10.1 
(psec), respectively, and dipole moments of the both compounds 
are very close to that of diphenyl ether (y=l.12 D). (See 
Table 5-1). 
If molecular configurations given in Figure 5-5 are pos- 
sible, and dipole moments of the phenyl group indicated by 
"CeHs" and the methyl group are negligibly small, the same 
























































































If (psec) and tg-9(psec) are assumed for o-methy1phehyl 
phenyl ether, Eq. (5-9) gives = 6.0 (psec). Similarly 
if = 3X9 = 11 (psec) and Tg=3X9/2 = 13.5 (psec) are assumed 
for biphenyl phenyl ether, Eq. (5-9) gives ^^^^^=9 (psec). 
On the other hand, in the cases of o-hydroxyphenyl phenyl 
ether and o-nitrophenyl phenyl ether, the group moments of 
-OH (1.60) and -NO2 (4(D)) cannot be neglected so that shortening 
12 
of relaxation times may not occur . 
Bis-(alkyl) ether is not expected to show the shortening 
of relaxation time, because there is no mesomeric moment, and 
internal »'otation around C-0 bonds would be different from 
those of diphenyl ether. 
Ally! ether was measured in p-xylene at 25°C to have = 
5.65 (psec),a = 0 and y= 1.22 (D). The T value is well compared 
■ ■ 0 ^ ■ 
70 
with those of di-n-butyl ether (x^ 6.5 (psec) in benzene at 
25®C) and di-n-propyl ketone (x^ =5.4 (psec) in benzene at 
25°C), which suggests that the shortening of relaxation time 
does not occur in the compound. Furthermore, the observed 
dipole moment is in excellent agreement with that of diethyl 
ether (T^ = 2.4 (psec) andy = 1.22 (D))^^, which implies that 
the 7T electrons involved in this compound do not shift toward 
C-0 bonds so that the coupling of molecular relaxation time with 
group one may not be expected. 
1 20 
« ^ 54 Andersoti and Smyth attempted to calculate dipole moments 
for substituted phenyl ethers based on "free rotation model" 
without considering mesomeric moments and obtained "not bad" 
agreement between calculated and experimental values for most 
of compounds treated by them. But here dipole moment calcula- 
tions are made for simple compounds to obtain the mesomeric 
moments from the experimental values. For 4-4'-dihalodiphenyl 
ether, melecular models are essentially based on Figure 5-1, 
and the results are listed in Table 5-2 together with those of 
Anderson and Smyth. On the other hand, for 4-halophenyl phenyl 
ethers, the molecular models are given in Figure 5-6j and the 
results are collected in Table 5-3. It will be seen that for 
4-4'-dihalodiphenyl ethers, calculated mesomeric moments in 
cases A, C. and D are very small, however, for 4-halophenyl 
phenyl ether, they are in the order of 1 (D), which was assumed 













































Table 5-2: Calculated mesomeric moinents for 4-4'-di ha To-  ^——— '^m 
diphenyl ethers (p-XG6H5)2G» and diphenyl ether, 

































Mco (D) was used after ref. (50) 
tained from refs. (54) and (12). 
* 
expected to be the same as 
120° 
< 
. a) and b) were ob- 
based on Model Bis 
CGC was regarded as 
123 
Table 5^3: Calculated mesomeric moments for 4-ha1ophenyl/ 
phenyl ethers p-XCeHsO CeHs. 
(see Figure 5-6) 










































yj^(av) was obtained by 1/2 (y^(C') + Uj^(D')), where u^(C') 
and y^(D') are for models C and O', respectively, and 
other symbols are the same as those in Table 5-3. 
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CHAPTER 6 Some Sulfur Cbmpouiids 
(a ) DI--$-NAPHTHYIJ AW DIMETHYL DISULFIDES 
Dialkyl and diary! disulfides are thought to have skew 
72-76 ll~i% 
configurations . Bergson has shown from molecular 
orbital considerations that a dihedral angle of 90° is ener- 
getically favoured in a sulfide, as this leads to minimal re- 
pulsions between the lone-pair electrons of the two sulfur 
atoms. Furthermore, the stability of this form could be en- 
hanced by TT-bonding arising from overlap of the p electron 
pair of one sulfur atom with 3d orbitals of the other. These 
considerations are compatible with the observed S-S bond 
74 
shortening . 
The dielectric measurements of dialkyl and diaryl di- 
79 
sulfides were made by Aroney, Chio, Le Fevre, and Radford , 
whose results are collected in Table I. 
Di-B-naphthyl disulfide is measured in p-xylene at 25°C 
to have x^= 16,1 (psec), a - 0, and y =1,94 (D), and dimethyl 
sulfide is also measured at the same conditions to have T = 4.1 
.0 
(psec), a = 0, and u = 1.97 (D). These values are well compared 
with those of Table 6-1 except the relaxation time of di-3- 
naphthyl sulfide. 
1 25 
Table 6-1: Dipole moments p and relaxation times T of some 






























It should be added that Aroney et aZ determined relaxation 
times in Table I from the dielectric loss measurements at two 
79 
frequencies, using the Debye equation . 
In the disulfide compounds, there is no dipole component 
along the S-S bond. Therefore if the rotation around the 









































are not possible, the shortening of relaxation time similar to 
that for p-dimethoxybenzene would be expected (see Chap. 1 (c) 
(ii)) so that the observed relaxation time could be ex- 
pressed in the form as 
_J_ = L- + i_ (6-1) 
'"obs '^1 *^2 
where xiis the molecular relaxation time and T2 the group 
relaxation time associated with the rotation of the S-S bond. 
On the other hand, in the case when the rotations around 
the two C-S bonds are possible, while the rotation of the S-S 
is not possible, the dielectric behaviour somewhat similar to 
that for diphenyl ether would be expected (see Chap. 5), and 
the observed relaxation time may be characterized by the 
equation 
1 ^ i_ ^ 1_ (6-2) 
■^obs ■^1 ■^d 
where is the relaxation time connected with the rotations 
about the two C-S bonds. 
As the third case, if it is assumed that the rotations of 
the three rotational axes in Figure 6-1 simultaneously occur, 
the fol1owing equation would be satisfied 
—J- =]_+]_ + i_ (6-3) 
^obs 
Substitutions of Ti= 40, T2 = 30 and T^= 20 in Eqs. (6-1), 
(6-2) and (6-3), give = 17.1, 13.3, and 9.2, respectively. 
12 8 
(T^ of 2-bronionaphthalene in cyclohexane at 25^C is 25.5 
/ ^^25 (psec)) . It is interesting to note that dinaphthyl ether, 
which may be responsible for possibility (2), has T = 15.4 
, , 57 
(psec) in benzene at 25°C . The observed relaxation time of 
di-3-naphthyledisulfide of 16J (psec) would, therefore, 
exclude the possibility of the third ease. But because of 
uncertainty of the above substitutionSj we cannot say 
that possibility (1) is more possible than possibility (2). 
From the'Xo value of dimethyl disulfide, it can be said 
that the rotation around the S-S bond is unlikely to occur. 
(For example, compare it with.x value of dimethoxymethane 
a' ■ 
(3.52 (psec)), which is regarded as^rigid molecule).(Chap. 4). 
This suggests that the possibility (1) may not be valid. 
Therefore, the possibility (2) is most likely for the disul- 
fide compounds. For dimethyl disulfide, as there is no ap- 
preciable mesomeric moment contribution to the shortening of 
the observed relaxation time, the rotations around the C-S 
bonds do not apparently contribute to the observed relaxation 
time. 
The possibility (2) is also supported by the measure- 
80 79-81 
ments of Kerr constant , and dipole moment . From 
the standpoint, the diheral angles of dialkyl and diaryl disul 
fides are evaluated. 
1 2 9 
(b) THIOPHENOL AND 4r-CHL0R0^M'-BENZENEDITHI0L 
0-chlorophenol is known to make intramolecular hydrogen 
38 85 
bond, which is supported by measurements of infra-red spectra ’ 
13 82-84 
and dipole moments ’ . Similar hydrogen bonds have been 
86 
reported for o-halothiophenols by Oosien, Castinal and Saumagne , 
14 
and Lumbroso and Passerini 
Thiophenol is measured in p-xylene at 25°G to have = 
10.9 (psec), a = 0 , Ti = 12.8 (psec), T£ = 3.2 (psec), Cj = 
15 
0.84 and p =1.03 (D). Lumbroso and Dumas determined a group 
moment angle of 46° and a dipole moment of 1*19 (D) for the 
compound. Using these values, we obtain Ci = 0.48, which is 
very small in comparison with the observed value. It is interes- 
ting to note that the above observed values are well compared 
2S 
with those of anisble. (Farmer and Walker = 9.0 (psec), 
a = 0.03, Ti =13.3 (psec), T£ = 7.0 (psec), Ci = 0.33, and 
y = 1.19 (D) in p-xylene at 25°C, and Kranbuehl, Klug, and 
35 
Vaughan ; TI = 12.4 (psec),T2 ^ 2.28 (psec), and Ci =0.75 
in benzene at 20°C,for instance, mole fraction =0.721). 
Therefore, the observed TI and T2 of thiophenol may be attri- 
buted to molecular and group relaxation times, respectively. 
4-Chloro^m-benzenedithiol has T^= 12.6 (psec) , a = 0.12 
Ti = 15.5 (psec), T2 = 2.5 (psec),Ci = 0.84, and y = 1.45 (D) 
in p-xylene at 25°C. 
130 
Figure 6-2: Coordinate system for 4-chloro-m-benzenedithiol 
The dipole moment for free rotation is calculated as 
1.83 (D), which is too Targe to account for the observed 
value. Conformational analysis gives 1.49 (D),for (4i,(l>2) ~ 
(0°,90^) = (0°, 270°), 1.45 (D) for (4.1,4)2) = (90°, 0°) = 
(270°, 0°), and 1.37 (D) for (4>i,4>2) ~ (90% 270°) - (270°, 90°). 
an ^ 
If this molecule makes/intra-molecular hydrogen bond between the 
chlorine atom and the -SH group at^2 position, then 4>i= 180° 
may be expected. However, this angle gives 1.99(D), 2.11 (D), 
2.23 (D) and 2.11 (D) for 4*2= 0°, 90°, 180° and 270°, respec- 
tively, all of which do not agree with the observed moment. 
tl*e 
Now if the SH group atA4 position is assumed to exhibit 
free rotation, while that of,2 position is assumed to be fixed 
■ - ■ ■ . r 







= m^^ + + 2Q^sin2B + 2Q sinB (ysinA - m cosA) cos4>i 
X X 
where m = xsinc, y = 2(P+QcosB)cosA + XcosC, and notations are 
X 
found in X =1.58(D), C =120°, P=0, Q = 1.19 (D), B = 46° 
and A = 60° give moments of 1.49 (D), 1.83 (D), and 2.11 (D) 
for 4>i = 0°, 90° and 180°, respectively. The above assumptions 
may be supported by agreements between the observed dipole 
moments and the calculated ones for free rotation of m^dimethoxy 
benzene, and m-halothiophenols (see Tables 2-5 & 2-6). However, 
(j)i = 180® gives a moment of 2.11 (D), which does hot agree with 
the observed one, whereas <i>i = 0° gives a moment, which is 
very close to the observed one. Therefore it will be seen that 
an 
the formation ofy^intramolecular hydrogen bond in this compound 
is unlikely. This may be also indicated by comparison 
of T2= 2.48 (psec) with X2 = 3.15 (psec) of thipphenol. Because 
such an intramolecular hydrogen bond is expected to lengthen 
the SH group relaxation time. 
1 3 3 
CHAPTER 7 Difuryl Mercuries 
There are two opinions in connection with the valence 
angle of mercury when it is bonded to carbon or to carbon 
87-92 
, and and halogens i.e., (i) the valence angle is 180' 
93—97 8990 
(ii) it is not 180° . Measurements of Raman spectra * , 
91 32 
electron diffraction and X-ray diffraction in^vapour state 
88 ■ 
support (1). In addition, Smyth and Oesper assumed (i) in 
calculation of the dipole moment of benzylmercuric chloride. 
The valence electrons of Hg(Ii) which occupies 6s^ orbitals 
might be expected in compound formation to assume sp orbitals, 
which implies (i). 
' 94- . 
However, Hampson reported dipole moments listed in 
Table I for diphenyl mercury and mercuri-bis-p-substituted 
benzene. These non-zero moments suggested (ii). 
99 ' 
Coop and Sutton attempted to explain that the non- 
zero apparent orientation polarization of mercuri-bis-chloro- 
benzene was due to the atomic polarization, but their caTcula- 
ah 
tions showed too lov^atomic polarization for this compound 
to account for the apparent orientation polarization. 
95 
Sipos, Sawatzky and Wright measured the distortion 
Q 
polarization of diphenyl meircury, and reported^dipole moment 
of 0.79 (D) for the compound. Later it was shown by Sawatzky 
96 
and Wright that aliphatic bis-mercurials also had non-zero 
dipole moment. (See Table 7-1). 
1 3 4 
Table 7-1: Dipole moments of bis-mercuriaTs 
96 








































































Figure 7-1: Parameters for calculations of dinole moments of 
2-2'- and 3-3'-difuryl mercuries’oo 
1 36 
Measurements of dielectric relaxation of 2-2'- and 3-3'- 
difuryl mercuries would provide some information to this pro- 
blem. The former compound has = 14.4 (psec), a - 0, and 
y = 1.16 (D), and the latter one has = 15.8 (psec), a - 0, 
and u = 1.08 (D). 
If < CHgC is assumed to be 180®, the dipole moments for 
free rotation are calculated to become 0.46 (D), and 0,61 (D) 
for the 2-2'-, and 3-3'-compounds, respectively, (see Figure 
7-1). Under the same assumption, the dipole moments of the 
cis configurations are 0.65 (D) for the 2-2'-compound, and 
0.86 (D) for the 3-3'-compound, it is, therefore, seen that 
the assumption of < CHgC = 180° does not appear to explain the 
observed dipole moments. Moreover, if this angle is assumed, 
the most probable relaxation time x^ may be mainly due to re- 
orientation of the fury rings. 
Therefore the shortening of the relaxation time in com- 
parison with the molecular one may be expected as in the case 
of p-dimethoxybenzene. Supposing the relaxation time of furyl 
ring is 10 (psec) as a maxium value, then that of the observed 
value should be 6.6 (psec) which does not agree with the observed 
relaxation times. On the other hand, if C-Hg-C bond is assumed 
to be non-linear, there would exist two cases (1) the shortening 
of relaxation time as seen in diphenyl ether, and (2) normal 
behaviour of relaxation time as seen in anisole, acetophenone. 
137 
chlorobenzene, etc. As discussed in Chapter 5, for the case 
(1) the observed relaxation time would change, depending on^C2 
value, i.e., (6.6~20 (psec), where is assumed to be 2 X 10 
(psec)), whereas Fong's model implies ~ 6.6 (psec). On 
the other hand, the case (2) would give ^O^^^obs = There- 
fore both cases would explain the observed relaxation times 
of the difuryl mercuries except Fong's model. Of course, it 
is very difficult to attribute the relaxation mechanism of the 
compounds to one of the two cases from the relaxation time 
alone. However, it may be concluded from the above considera- 
tions that< CHgC of 2-2'- and 3-3'-difuryl mercuries appears 
not to be 180°. 
1 3 8 
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Tables of^ Dieteotrio Constants and Losses 
The calculated dieleGtric constant e'calc 
and loss £"calc were obtained from the 
Cole-Cole equations, 1.e., Eq. (3-1). 
14 5 
1,2-D1methoxyethane in 
















£oo ~ 2.288 
Dimethoxymethane in p-xylene at 25®C 





























4-4'Dimethoxybiphenyl in p-xylene at 25°C 

























e = 2.2758 
0 
Coo = 2.2632 
m-Dimethoxybenzene in p-xylene at 40°C 














































6-Chloro-1,4-difnethDxybenzene ih p-xy1ehe at 40°C 
oj = 0.06658 





























e = 2.466 
0 
=2.260 
2,5-Dimethoxy-2,5-dihydrofuran in p-xylene at 25° 






























1 4 8 
2,5-Dlmethoxytetrahydrofuran in p-xy1ene at 40°C 








2,6-Dimethoxypyridine in p 







e'calc e"obs e"calc 
2.309 0.008 O.0D39 
2.308 0.028 0.0074 
2.263 0.030 0.0317 
2.253 0.026 0.0260 
2.244 0.022 0.0150 
2.242 0.017 0.0078 




■xylene at 25°C 
e'calc e"obs e"calc 
2.318 0.0234 0.0214 
2.306 0.0235 0.0252 
2.297 0.0243 0.0243 
2.289 0.0204 0.0209 
2.281 0.0138 0.0130 
e ^2.3311 o 
e =2.277 
00 
1 4 9 
4-4'Dimethoxythiobenzophendne in p-xy1ene at 25°C 
0) = 0.01336 











































Coo - 2.268 
5,6-Dimethoxy-l-indanone in p-xylene at 25°C 















































e = 2.4413 
o 
Gc = 2.278 * 
Allyl ether in p-xylene at 25°C 

































£co = 2.271 
151 
3-Dinaphthyl distilfide 







Thiophencil in p-xylene 














































Methyl disulfide In p-xylene at 25°C 
03 = 0.09162 





























e = 2.6752 
o 
= 2.324 
4-Chloro-m-benzenedithiol in p-xylene at 25°C 
03 = 0.08782 
Freq.{GH2;) e'obs e'caic e"obs 
9.311 2.394 2.388 0.0395 
16.202 2.355 2.365 0.0469 
24.001 2.346 2.35T 0.0411 
35.11 2.344 2.340 0.0334 
70.389 2.328 2.328 0.0215 
e = 2.4307 
0 
eco = 2.320 















2-2‘Difin^yl mercury in 







3-3'Difuryl mercury in 







p-xyiene at 25°C 






e = 2.2757 
o 
e = 2.265 
00 







e = 2.2743 o 














o-^Dimethyoxybenzerie in p-xylene at 40°C 
0) = 0.06073 

























% = 2.3420 
= 2.272 
156 
e"calc 
0.0158 
0.0223 
0.0265 
0.0289 
0.0271 
0.0190 
